. Selenium-functionalized carbon as a support for platinum nanoparticles with improved electrochemical properties for the oxygen reduction reaction and CO tolerance.
It has been proven that the functionalization of carbon is an efficient way to improve the catalytic efficiency of a metal catalyst deposited on it. 6-8 Acid or base treatments to form functional groups including hydroxyls and carboxyls are the widely used methods to introduce the links, which can stabilize the interactions between catalyst and carbon supports. 9 Another way of functionalizing carbon is the doping of heteroatoms into carbon materials; this has attracted tremendous attention because of the improved physicochemical properties, such as high affinities to metals, 10 fast electron transfer rate and high thermal stability. 11 Among them, the doping of boron, phosphorus, nitrogen and sulfur to carbon supports have been proven to be beneficial to the activity and stability of Pt-based electrocatalysts. 10,12,13 Nevertheless, the above mentioned methods usually require rigorous conditions for several hours or days and are thus time consuming, which also make the procedures difficult to scale-up. Also, the treated carbon trends to be hydrophilic which creates filtration problems and often a decrease in conductivity.
Selenium, an element of the chalcogenide group, is a semi-metal with six of valence electrons, which could bond to the surface of carbon materials like sulfur. In addition, 2 selenium also has several advantages over the widely studied conventional heteroatom doping elements: 1) the electric conductivity of selenium is 20 orders of magnitude higher than that of sulfur, which facilitates electron transport during the electrochemical reactions; 14 2) voltammetric studies show that suitably t-structured selenium is stable in acid solution and shows a double layer region from −0.2 to 0.75 V (vs. SHE), which is wider than that of Pt (∼0.4 to ∼0.7 V (vs. SHE)); 15 3) when selenium is bonded to metals, the catalyst may show better stability at high temperature due to the anchor effect; 16 4) Selenium can become metallic when bound to Ru resulting in exceptional chemical stability of RuSe catalysts in acidic media due to the Ru → Se charge transfer, even at high positive potential. 17 To the best of our knowledge, selenium functionalized carbon as a support for electrocatalysts has not been reported before. Based on the above advantages, it is worthwhile to explore whether carbon can be functionalized with selenium as a support for highly active electrocatalysts toward ORR.
A simple strategy to dope selenium atoms on the surface of carbon by non-covalent functionalization depicted as Figure 1 was developed. Subsequently, Pt nanoparticles were then deposited on the surface of selenium-functionalized carbon (denoted as Pt/CSe x ), where the selenium atoms acted as a cross-linker between Pt particles and carbon. The electrochemical activity of the new catalyst was evaluated in terms of ORR by means of cyclic voltammetry (CV) and the CO tolerance of Pt/CSe x was also compared with that of a conventional Pt/C catalyst. It was found that the activity and CO tolerance of this novel catalyst is significantly improved compared to that of conventional Pt/C.
Experimental
Carbon black (Vulcan XC-72R) was pretreated by washing in acetone, oxidizing in 2 mol L −1 HNO 3 and 30% H 2 O 2 , followed by washing with ultrapure water and drying overnight at 80 • C, the pretreated carbon (denoted as C) was obtained. 0.185 g of triphenyl phosphine (PPh 3 ) was dissolved in 30 mL of tetrahydrofuran (THF) with stirring for 20 min, into which 0.0504 g elementary selenium was added and dissolved with stirring.1g of C was then dispersed ultrasonically into the THF solution containing Se and PPh 3 and transferred into a rotary dryer to evaporate the THF at 40 • C. The mixture was dried in air at 60 • C and thermally treated in a tubular furnace under N 2 atmosphere at 500 • C for 2 h, and the obtained sample (denoted as CSe x ) was finally obtained.
http://repository.uwc.ac.za 3 The catalyst was prepared by an organic colloid method in ethylene glycol solution. 3.32 mL of chloroplatinic acid (H 2 PtCl 6 20 mg mL −1 ) was dissolved in 30 mL of ethylene glycol and stirred for 20 min. The pH was adjusted to ∼9 by adding 5 wt% KOH/ethylene glycol solution dropwise with vigorous stirring. 100 mg of CSe x was then added into the flask and the mixture was sonicated for 20 min and stirred for 20 min to disperse the CSe x . The temperature of the mixture was kept at 160 • C for 6 h. The product was then filtered, washed with ultrapure water and dried at 60 • C for 10 h. The Pt/CSe x catalyst was obtained, and the metal loading was found to be about 20 wt%. For comparison, a Pt/C catalyst was also prepared by the same process.
The prepared materials were characterized by X-ray diffraction (XRD) using a Shimadzu XD-3A (Japan), with filtered Cu Kα radiation (40 kV, 40 mA). The Fourier-Transform infrared (FT-IR) spectra of KBr pellets were recorded in the 4000-400 cm −1 region on a Perkin-Elmer FT-IR M-1700 2B spectrophotometer. X-ray photoelectron spectroscopy (XPS) was carried out on a PHI-5702 multifunctional X-ray photoelectron spectrometer (American). Transmission electron microscopy (TEM) measurements were carried out on a JEM-2010 Electron Microscope (Japan) with an acceleration voltage of 200 kV. The chemical composition of the samples was determined by an IRIS advantage inductively coupled plasma atomic emission spectroscopy (ICP-AES) system (Thermo, America) and energy dispersive X-ray analysis (EDX) coupled to TEM.
The electrochemical measurements of catalysts were carried out on a CHI 650 electrochemical work station. A conventional three-electrode electrochemical cell was used for the measurements, including a platinum wire as the counter electrode, an Ag/AgCl (3 mol L −1 KCl) electrode as the reference electrode, and a rotating disk electrode (RDE, 5 mm in diameter) coated with the catalyst as the working electrode. All potentials presented are quoted with respect to the reversible hydrogen electrode (RHE), and current densities were normalized by the geometric area of the working electrode. The thin film electrode was prepared as follows: 5 mg of catalyst was dispersed ultrasonically in 1 mL of Nafion/ethanol (0.25 wt% Nafion). About 8 μL of the dispersion was transferred onto the glassy carbon http://repository.uwc.ac.za (GC) disk using a pipette, and then dried in the air for the preparation of the catalyst layer (40.8 μg Pt cm −2 on the GC). Before each measurement, the solution was purged with highpurity N 2 and/or O 2 gas for at least 30 min to ensure the gas saturation. For the CO stripping voltammetry, CO gas was pre-adsorbed through the electrolyte of 0.5 mol L −1 H 2 SO 4 solution for 10 min. The electrode was then placed in fresh 0.5 mol L −1 H 2 SO 4 solution purged with a pure N 2 stream for 30min and cycled between 0.05 and 1.2 V versus RHE for two cycles at 50 mV s −1 . The currents are normalized to ECSA except the polarization curves for oxygen reduction reaction. All electrochemical measurements were carried out at room temperature.
Results and Discussion
The FT-IR spectra of C and CSe x are plotted in Figure 2a The XRD patterns (see Figure 3 ) of the two samples show coke-like structural features with disordered carbonaceous interlayers. 20 No peaks of elemental selenium were detected in the CSe x sample which implies that the elemental selenium was present in atomic-layers dispersed on the carbon particles or in amorphous state. Furthermore, after the selenium functionalized C, there is no change in the position of the peaks, indicating that the selenium atoms were dispersed on the surface of C, but not incorporated into the carbon structure. On the other hand, the (100) and (004) peaks of the CSe x sample, associated with crystalline carbon, are clearer than those of the C, suggesting that the CSe x sample had a higher level of crystallinity. 21, 22 From the above results, it appears that the structure of carbon did not change after C was functionalized by selenium atoms. As further proof the morphology of the CSe x sample, characterized by TEM shown in Figure 4 . The original morphology of carbon shown as Figure 4a is a spherical form of a diameter of ca. 50 nm. After Se functionalized carbon, the morphology of carbon is consistent with the original morphology, and there are no obvious hetero-particles to be observed, suggesting Se atoms were dispersed on the surface of http://repository.uwc.ac.za 5 carbon. The corresponding EDX spectrum of C and CSe x inserted in Figure 4 indicates the presence of elemental selenium.
http://repository.uwc.ac.za Figure 6 shows TEM images and the corresponding Pt particle size distribution of the Pt/CSe x and Pt/C catalysts. On the surface of CSe x , Pt nanoparticles were well dispersed with diameters in the range of 2−6 nm (the inset of Fig. 6a) , and no agglomeration was observed. Similarly, Pt nanoparticles were uniformly dispersed on the surface of C (see Fig. 6b ), and the averge particle size and range of Pt nanoparticles supported on C compared to that on CSe x did not significantly enlarge from the inset of Fig. 6b . The practical composition of the Pt/CSe x catalyst was evaluated by ICP-AES analysis, which is about 19 wt% of Pt loading and 4 wt% of Se loading. Figure 7 shows CVs of Pt/CSe x and Pt/C catalysts in N 2 -saturated 0.5 mol L −1 H 2 SO 4 solution, which normalized to geometric area of the electrode. The CVs exhibit hydrogen adsorption/desorption as well as oxide formation and reduction peaks, which are characteristic of a polycrystalline platinum electrode. For the Pt/CSe x , The CV peak associated with oxide formation (0.8-0.9 V) becomes more pronounced relative to the Pt/C due to the contribution of the selenium oxidation. 23 On the other hand, the onset potential of oxide formation is shifted to more anodic potentials compared to that of the Pt/C, suggesting the delayed formation of Pt-oxides. 24 The real surface of Pt catalysts could be estimated from the integrated charge of the hydrogen absorption region of the CV, 25 The evaluated electrochemical surface area are 48.3 http://repository.uwc.ac.za Figure 8 shows RDE polarization curves of the Pt/CSe x and Pt/C catalysts for oxygen reduction. It can be seen that the Pt/CSe x catalyst had a higher half-wave potential, 43 mV more than that of the Pt/C catalysts. The kinetic current was calculated from the ORR polarization curve according to the Koutecky−Levich equation as follows : 26 where i is the experimentally measured current; i d is the diffusion-limiting current, the diffusion control region was a high overpotential region lower than 0.6 V; and i k is the kinetic current. Th n, the mass activity was calculated based on the following equation:
where m is the amount of Pt loading. The mass activities were calculated at 0.80 and 0.85 V versus RHE, which were shown as the inset in Fig. 8 
The positive half-wave potential and higher mass activity of Pt/CSe x indicate that the Pt/CSe x catalyst has a higher ORR activity than the Pt/C catalyst. From the above discussion, the enhanced activity of the Pt/CSe x catalyst is attributed to electric effect on Pt by the presence of Se.
In the d-band theory of Hammer and Nørskov, 27,28 it is claimed that the molecular adsorption energy is dependent primarily on the occupancy of the bonding and electronic structure of the valence band of the metal, especially its energy-weighted center, which can be well characterized by the position of the d-band center of a metal. The d-band center moving toward the E F leads to a stronger chemisorption. Stamenkovic et al. 29 found that the ORR activity for Pt and Pt 3 M (M = Ti, V, Fe, Co, and Ni) becomes higher with the d-band center moving away from E F . Similar results were also reported by Lu group 30 and Lima group. 31 In line with this, the observed activity enhancement in this work is probably due to electronic factors on the Pt atoms caused by the contact with selenium atoms, which lead to the d-band center downshift, and moving away from the E F will result in a weaker adsorption.
To illustrate the d-band center shift in the Pt/CSe x catalyst, XPS analyzes of the prepared catalyst were performed (see Figure 9 ). Comparing the Pt binding energies, a positive shift in the Pt binding energies for Pt/CSe x was observed. This shift of the doublet peaks to the higher binding energies can be attributed to d-band center downshifts, not the final state effect, because the final state effect is reported to emerge prominently for small clusters with a diameter less than 2 nm. 32 On the other hand, for the Pt/CSe x catalyst, positive shifts demonstrated a stronger metal-support interaction than in the Pt/C catalyst. In addition, it was found that Pt contains various states, such as Pt(0), Pt(II) and Pt(IV), and that the ratios of the various Pt states displayed in Table I which were affected by the presence of selenium. Further evidence for d-band center downshift from CO stripping experiments was shown in Figure 10 . The kinetic region of the ORR spread over the same potentials where the kinetics of the CO oxidation30 also changed dramatically.
For the Pt/C catalyst, the peak potential was 870 mV, and the onset potential was 806 mV. For the Pt/CSe x catalysts, a higher CO tolerance with a lower peak potential (852 mV) and onset potential (765 mV) compared to Pt/C was observed, due to the different effects of the carbon supports. The lower onset and peak potentials are considered to manifest better catalytic activity for CO oxidation, indicating a better CO tolerance for Pt/CSe x .
In general, conventional elementary processes of the complete electrooxidation of CO are described in the following Figure 11 . The CO adsorption energy is associated with the d-band http://repository.uwc.ac.za 10 center. The Pt surface with a low d-band center value tends to bind adsorbents, i.e. CO, more weakly, which results in an increase the rate of step (2). 33
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On the surface of the Pt/CSe x , the adsorption of CO became weaker, which leads to easier CO oxidation. Based on the above results, it can be concluded that the better catalytic activity for CO oxidation on Pt/CSe x is promoted by electronic factors, e.g. the downshift of the d-band center.
Conclusions
A simple approach to functionalize the surface of carbon black using selenium elemental was demonstrated, and well-dispersed Pt nanoparticles with narrowly distributed particle size were formed on the surface of CSe x . The electrochemical tests show that the Pt/CSe x catalyst had a 2.7 times higher catalytic activity than that of the Pt/C catalyst in ORR. This enhanced electrochemical behavior most likely resulted from the d-band downshifts of Pt with the introduction of Se, and are demonstrated by the XPS and CO stripping measurements. This research strongly raises the possibility of using selenium as heteroatoms to functionalize carbon materials and replace the conventional carbon support for fuel cells. Furthermore, the improved CO tolerance of the Pt/CSe x catalyst affords a new area of exploration in relation to poison durable catalysts for fuel cells.
